Diamide oxidizes cellular thiols and induces oxidative stress. To isolate plant genes which may, when overexpressed, increase tolerance of plants toward oxidative damage, an in vivo diamide tolerance screening in yeasts was used. AnArabidopsis cDNA library in a yeast expression vector was used to transform a yeast strain with intact antioxidant defense. Cells from 105 primary transformants were selected for resistance to diamide. Three Arabidopsis cDNAs which confer diamide tolerance were isolated. This drug tolerance was specific and no cross tolerance toward hydroperoxides was found. One cDNA (D3) encodes a polypeptide which has an amino-terminal J domain characteristic of a divergent family of DnaJ chaperones. Another (D18) encodes a putative dTDP-D-glucose 4,6-dehydratase. Surprisingly, the third cDNA (D22) encodes a plant homolog of y-glutamyltransferases. It would have been difficult to predict that the expression of those genes would lead to an improved survival under conditions of depletion of cellular thiols. Hence, we suggest that this cloning approach may be a useful contribution to the isolation of plant genes that can help to cope with oxidative stress.
However, the antioxidant defense is rather complex. For example, at least 30 proteins are induced in Salmonella typhimurium cells exposed to H202 (13) . In plants, only very few genes are currently known to play a role in the antioxidant defense (5) . To isolate plant genes which might be involved in the oxidative stress response, we used a genetic selection strategy in yeast. Yeast cells also experience oxidative stress when grown aerobically. When overexpressed on a multicopy plasmid, several yeast genes can confer resistance to lethal oxidative stress conditions (14) .
Here, we report the isolation ofArabidopsis thaliana cDNAs by high-copy-number plasmid screening for drug tolerance in yeast.l Because the oxidation of reduced glutathione as well as of cysteine residues in proteins is a typical condition of oxidative stress (1) (2) (3) (4) , a thiol-oxidizing drug, diamide, was used as selective agent (14) .
MATERIALS AND METHODS
Yeast and Bacterial Strains. Yeast (Saccharomyces cerevisiae) strains were kindly provided by N. Jones (Imperial Cancer Research Fund, London): DY [MA Ta his3 canl-lO0 ade2 leu2 trpl ura3::(3xSV40AP1-lacZ)]; WYT (MATa his3 canl-100 ade2 leu2 trpl ura3 yapl::TRPJ) (14) . Yeast strains were propagated either on nutrient-rich YPD medium (1% yeast extract/2% bacto-peptone/2% glucose) supplemented with adenine at 50 ,ug/ml or on minimal SDC medium (0.67% yeast nitrogen base/0.37% Casamino acids/2% glucose) supplemented with tryptophan at 40 p,g/ml and adenine at 50 ,ug/ml (15) . Plates contained the same media supplemented with 1.5% agar. For drug selection or tolerance tests, SDC media contained 1.5 or 1 mM diamide, 0.4 or 0.5 mM t-butyl hydroperoxide (t-BuOOH), and 1 or 2 mM H202. Yeast strains were grown at 30°C. Escherichia coli XL1-Blue (Stratagene) was used for plasmid manipulations. Bacteria were grown on solidified (1.5% agar) or liquid LB medium (1% Bactotryptone/0.5% yeast extract/0.5% NaCl) at 37°C. (15) . Selected plasmids were retransformed into DY cells and three independent Ura3+ transformants were retested for drug tolerance essentially as described (18, 19) .
Other Methods. DNA was extracted from aerial parts of Arabidopsis plants as described (20) . The method of Shirzadegan et al. (21) (14) . Cells from _105 primary transformants were subjected to selection for diamide resistance. The 34 colonies recovered from plates with 1 mM diamide and 40,000 plated cells were tested for diamide tolerance by spotting 10 ,ul of diluted cell suspensions on SDC medium plates supplemented with 1.5 mM diamide. Four clones, D3, D18, D20, and D22, showed growth at 50-fold dilutions and were analyzed further.
Plasmids were rescued from the yeast cells into E. coli and partial sequences were determined for identification purposes. Clones D3 and D20 contained cDNAs of two different lengths derived from the same mRNA, and only D3 was further analyzed. Plasmids D3, D18, and D22 were retransformed into strain DY and three independent Ura3+ transformants were tested for diamide tolerance (Fig. 1) proved diamide tolerance to approximately the same extent, and colony growth was observed with -5000 plated cells. Cells containing the D22 cDNA showed the best diamide tolerance, and colony formation was seen with -40 plated cells (Fig. 1) . None of isolated cDNAs improved the survival of DY yeast cells on media supplemented with hydroperoxides such as H202 (1 and 2 mM) and t-BuOOH (0.4 and 0.5 mM) (data not shown).
We were interested in examining whether the diamide tolerance phenotype depends on YAP1 gene function. The YAP1 gene encodes a transcription regulator from the basic region-leucine zipper family of DNA-binding proteins. It regulates several genes which encode antioxidant proteins (14, 22, 23) and, when present on a high-copy plasmid, provides a diamide resistance phenotype (14) . Transformants of the yapl -strain WYT possessing either the control vector pFL61 or the D3, D18, or D22 plasmid were selected. However, neither of the clones displayed increased diamide tolerance.
Analysis of Gene Copy Numbers and mRNA Expression in Plants. To characterize the isolated Arabidopsis cDNAs, we analyzed the copy number of corresponding genes and their expression. Both D3 and D18 are most probably single-copy genes, because single hybridizing bands were detected in DNA digested with Pst I or Dra I and with HindIII, EcoRV, or Dra I, respectively ( Fig. 2 A and B ). There may be other gene(s) related to D22 in the Arabidopsis genome, since several hybridizing bands were detected with the D22 probe (Fig. 2C) .
The steady-state levels of mRNA were determined by RNA gel blot analysis of RNA extracted from cell suspensions, aerial parts of plants before bolting, flowers, stems, and roots. A transcript of 2.1 kb cross-hybridized with the D3 probe and was present in equal amounts in all tested organs (Fig. 24) . The 1.7-kb mRNA corresponding to the D18 cDNA was 3-fold more abundant in roots than in other organs (Fig. 2B) . The highest level of the 2.1-kb transcript complementary to the D22 cDNA was found in stems, with less expression in roots and cell suspension, and weak expression in flowers and leaves (Fig. 2C ).
We further analyzed the levels of mRNAs in plants under conditions of oxidative stress. Plants of Arabidopsis were infiltrated with compounds which simulate or induce oxidative stress in plant cells. No differences in the expression of genes which correspond to the D3 and D18 cDNAs were found under any of the tested conditions as compared with the controls (data not shown). The D22 transcript (Fig. 3) was transiently induced by water infiltration with maximal mRNA accumulation after 30 min. In plants treated with t-BuOOH or DTT, levels of D22 mRNA were higher than in the control after 1 or 3 hr, respectively. The induction kinetics of theArabidopsis apx gene, which encodes cytosolic ascorbate peroxidase (24) , were very similar to those of the D22 gene in plants treated with t-BuOOH. The expression of the genes corresponding to D3 and D18 was not changed in heat-or cold-stressed plants, whereas the D22 gene was slightly induced by cold treatment (data not shown).
Sequence Analysis of D3, D18, and D22 cDNAs. To identify proteins which might be encoded by the isolated cDNAs, the DNA sequences of D3, D18, and D22 were determined on both strands.
The D3 cDNA is 1897 bp in length.
It contains an open reading frame of 539 aa which corresponds to a polypeptide of 59.5 kDa (Fig. 4) Genomic DNA extracted from Arabidopsis plants of the land races Columbia (C) and Landsberg erecta (L) was digested with HindlIl, Pst I, EcoRV, Sca I, or Dra I restriction endonuclease. After agarose gel electrophoresis, DNA was blotted onto nylon membranes and hybridized with 32P-labeled probes from D3 (A), D18 (B), or D22 (C) cDNAs. After hybridization and washing, membranes were exposed to x-ray film. (Right) RNA extracted from cell suspensions (C), aerial parts of Arabidopsis plants before bolting (P), flowers (F), stems (S), and roots (R) was analyzed by RNA gel blot electrophoresis and hybridized with D3 (A), D18 (B), and D22 (C) probes. HindIII-digested phage A DNA was used to provide molecular size markers. identity) (Fig. 4) . Other characteristic features of the DnaJ family, such as the glycine/phenylalanine-rich domain or the cysteine-rich repeats (27) , cannot be identified in the D3-encoded polypeptide. (Fig. 5) . The sequence of the D18 polypeptide shows the highest similarity to UDP-D-glucose epimerases and dTDP-Dglucose 4,6-dehydratases from, for example, Streptomyces violaceoruber (55% similarity and 30.7% identity) and Neisseria gonorrheae (51% similarity and 30.3% identity) (Fig. 5 ). D18 has a 120-amino acid-long amino-terminal sequence which is not significantly similar to any known protein.
An open reading frame of 568 aa (61.2-kDa polypeptide) is contained in the 1819-bp D22 cDNA. The deduced amino acid sequence displays similarity to y-glutamyltransferases from rat (58.3% similarity, 39.2% identity) and E. coli (58.1% similar- ity, 35.6% identity) (Fig. 6) . Because a similar divergence at the amino acid sequence exists between mammalian and bacterial y-glutamyltransferases (54% similarity and 33.8% identity, between rat and E. coli), it is likely that D22 encodes a plant -y-glutamyltransferase.
DISCUSSION
In the present study, we attempted to identify plant genes of potential interest for improvement of plant tolerance to oxidative stress. Several reasons formed the basis for the use of an in vivo functional screening in yeast: (i) the nature of oxidative damage is common to all aerobic organisms, (ii) the cellular defense mechanisms against AOS are quite similar in prokaryotic and eukaryotic organisms, (iii) yeast is a simple eukaryotic organism with a cell organization somewhat similar to that of plant cells, and (iv) yeast is much more amenable than plants to genetic research. The yeast strain used, DY, carries only autotrophic markers for plasmid selection and thus has an intact oxidative stress response.
We have isolated three Arabidopsis cDNAs which, when expressed under the control of a yeast promoter on a high copy plasmid, confer increased diamide resistance on the DY yeast strain. This phenotype depends on a functional YAP1 protein. (28) and from E. coli (E.c.) (29) . All other features are as in Fig. 4 .
At present, we can only speculate on plausible explanations for the observed diamide tolerance phenotype associated with expression of the isolated cDNAs. Several possibilities can be envisaged: (i) the involvement of the encoded proteins in prevention, interception, or repair of oxidative damage; (ii) the plant proteins represent enzymes whose yeast homologs are exceptionally sensitive to inactivation by diamide; (iii) the plant proteins may be involved in detoxification of diamide; (iv) the heterologous expression of plant proteins or mRNAs is stressful for yeast cells, thus leading to the activation of yeast stress defense systems.
The observation that the action of isolated cDNAs is YAP1 dependent may suggest that the heterologous expression of plant proteins or mRNAs is stressful for yeast cells. However, in that case we expect significant cross tolerance toward hydroperoxides, because YAP1 overproduction protects yeast from diamide, hydroperoxides, cadmium, and several antimetabolites (14, 23) . Moreover, YAPl-dependent protection from t-BuOOH has been described for the yeast TRX2 gene, which encodes a typical antioxidant protein, thioredoxin (14) . Therefore, isolated cDNAs probably provide protection only in the context of general antioxidant defense activation controlled by YAP1.
The only distinct feature in the D3 polypeptide sequence is the presence of the amino-terminal J domain, which is characteristic for molecular chaperones of the DnaJ family (27) . However, outside of the J domain, D3 has little similarity to the DnaJ family or other known proteins. The J domain is believed to interact with the 70-kDa heat shock protein (Hsp70) and related proteins (30) . It is apparent that DnaJ proteins are significantly diverged in their function. Whereas some eukaryotic DnaJ homologs are true chaperones and assist in protein folding (27, 30) , others have additional functions. In yeast, Sislp is involved in translation initiation (31), Sec63p is involved in nascent polypeptide translocation through the endoplasmic reticulum (30) , and zuotin was identified as a Z-DNA-binding protein (32) . The panoply of processes in which J-domain proteins are involved makes the interpretation of D3-mediated diamide protection difficult.
The D18 polypeptide shows homology to enzymes of monosaccharide metabolism: dTDP-D-glucose 4,6-dehydratases and UDP-glucose epimerases. dTDP-D-glucose 4,6-dehydratase genes are usually identified in bacterial operons whose genes are involved in the biosynthesis of secondary metabolites (33) and cell wall liposaccharide (34) . The exact function of such a protein in plants, as well as the mechanism by which it might improve yeast diamide tolerance, is unknown. Glucose epimerases are known to be sensitive to sulfhydryloxidizing agents (35) , suggesting that D18 may partially complement diamide-mediated inactivation of enzymes of carbohydrate metabolism.
The D22 cDNA which provided the highest diamide tolerance most likely encodes a y-glutamyltransferase. y-Glutamyltransferases play a key role in glutathione metabolism by catalyzing the cleavage and formation of y-glutamyl bonds. The -y-glutamyl moiety of reduced glutathione can be transferred by the enzyme to amino acid acceptors, to form y-glutamyl amino acids, or to water, leading to hydrolysis (36, 37) . In yeast, y-glutamyltransferase is believed to be a vacuolar enzyme involved in sulfur homeostasis (38) . Very little is known about 'y-glutamyltransferase in plants. The plant enzyme is apparently able to carry out the same reactions as an animal y-glutamyltransferase (36, 39) . There is evidence that -y-glutamyltransferase might be involved in biosynthesis of plant heavy-metal-chelating glutathione derivatives [phytochelatins (40) ] and volatile secondary metabolites (39) . In yeast, the higher activity of y-glutamyltransferase results in a shorter half-life of glutathione; however, the levels of glutathione do not change, implying its higher biosynthetic rates (38) . Therefore, it is possible that such cells may better Plant Biology: Kushnir et al.
withstand glutathione oxidation and depletion caused by diamide. In addition, the Cys-Gly dipeptide originating from 'y-glutamyltransferase activity might contribute directly to the reduction of diamide toxicity.
Our expression analysis suggests that only the D22 gene may be directly involved in stress response. The accumulation of the corresponding mRNA was altered in plants under oxidative stress and to some extent correlated with apx mRNA accumulation. Neither D3 nor D18 mRNA accumulation changed under a variety of tested stress conditions, further supporting the view that D3 and D18 may not function in stress tolerance under in vivo conditions. Surprisingly, proteins with apparently very different functions which are not obviously linked to AOS-scavenging or oxidative damage repair can bypass thiol depletion and oxidation. The approach applied in this study could be further explored by the use of other stress agents or cDNA expression libraries from plant species or cell types from developmental stages (such as pollen or late embryos) which are highly tolerant to environmental stress. Furthermore, the availability of a selectable phenotype may be applied for the mutational analysis of the identified proteins. Ultimately, transgenic plants overexpressing the isolated genes will be used to answer the question whether the described approach has yielded genes which confer improved oxidative stress tolerance.
